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developed in order to study the harmful effects of gaseous
chemicals. Cells are incubated with nutrition medium supple-
mented with the gaseous substances to be tested. These methods
are not feasible for the examination of toxic gases, which are
insoluble in water. Carbon monoxide (CO), a poorly soluble and
toxic gas (lethal dose 1 vol% for some minutes) has been chosen
as a model gas. Besides its binding to hemoglobin, it also leads
to an inhibition of cytochrome c oxidase in the mitochondrial
respiratory chain of living cells. Thus, a decrease in the
respiratory behavior of eukaryotic cells indicates the presence
of CO in a gaseous phase. Based on the Bionas1 2500 analyzing
system, a device to measure the metabolic and morphological
effects, caused by direct gas exposure on eukaryotic cells wasestablished. The gaseous substances directly contact the
eukaryotic cell line V79 (Chinese hamster lung fibroblast)
without interfering liquid phase in between. Beside the
measurement of oxygen consumption also acidification and
impedance changes of the cell culture are detected by a
metabolic sensor chip. In order to increase the stability different
chip surface coatings like collagen A and poly-L-lysin (PLL)
were used. Adhesion coating leads to a tighter junction of the
cells to the sensor chip surface and thus enables higher stability
of the confluent cell monolayer towards the gaseous flow during
the gas exposure. The method reported here has the potential to
become a valuable means for rapid monitoring of toxic
compounds in gaseous phases. 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1 Introduction Living cells are often used as
indicators for toxic substances in aqueous systems [1, 2].
Until today, only a few groups have shown the application of
eukaryotic cells for the detection of toxic substances in the
gas phase [3, 4]. While cell-based toxicity sensor systems in
liquid phase [5, 6] are well investigated, little research has
been done on cell-toxicity analysis in the gas phase [7, 8]. All
existing systems lack the possibility of real-time measure-
ment during the direct exposure of the mammalian cells to
the gas. While exposure and culturing of the cells under
submerged conditions is possible for soluble gases [9], direct
exposure of cells to gaseous compounds is important in case
of highly insoluble toxic gases. Carbon monoxide (CO), a
colorless and non-irritant toxic gas which causes thousands
of deaths annually in the United States and in Germany [10, 11],
is used as a model gas due to its poor solubility
(0.0026 g/100 mL water, 20 8C) [12]. The toxicity of CO is
well known as the effect of binding to hemoglobin andreplacing oxygen causing organism death due to suffocation.
There is a general lack of awareness of the toxicity on cellular
level. CO inhibits the cytochrome c oxidase in the
mitochondrial respiratory chain of mammalians and thereby
leads to a decreased cellular respiration [13–15]. Therefore, a
sensor chip was used to detect label free three crucial cellular
parameters (morphology, respiration, and acidification).
Other groups reported systems with exposure times of
30 min [16], 120 min [17, 18], 6 h [19] up to 48 h [20]. Long
exposure duration without viability loss is enabled by a
culture method with cells, which are grown on a membrane
working as an air/liquid interface (ALI) [21]. Nutrition
medium is supplied from the basal side while the gas
exposure occurs at the apical side. This method is not feasible
for our approach, as it is necessary to keep the cells in contact
on one side to the sensor electrodes and on the other side in
the gas phase during gas exposure. In order to provide the
cells with nutrients, a contact between culture medium and 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 (online color at: www.pss-a.com) Averaged adhesion
time of V79 cells (100,000/chip) with varying sensor surface coat-
ings and serum concentrations. Adhesion experiments were done in
Hepes buffered DMEM.cells must be established. Therefore, the cell cultures on the
sensor chip periodically changes from direct gas exposure to
submerged conditions. This intermittent method was used of
groups before [22–25]. The aim of the study was to work on
the basics of an in vitro gas exposure system, based on the
Bionas12500 analyzing system as a main component, for the
toxicity measurement of insoluble gases like CO, NO2, O3,
and phosgene (COCl2), to name but a few.
2 Experimental
2.1 Cell culture The lung is the major entrance to the
body for respirable toxic substances. Therefore, a mamma-
lian V79 Chinese hamster lung cell line was selected for our
studies. V79 cells present a well known and robust cellular
model [26]. Advantages of using an established cell line
are the avoidance of the laborious work associated with
primary cultures and the reduction of variability within
the cell population. The cell line was obtained from the
DSMZ (Deutsche Sammlung von Mikroorganismen und
Zellkulturen GmbH, Braunschweig, Germany). Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM)
(Gibco, Darmstadt) supplemented with 10% heat inactivated
fetal calf serum (FCS) (Biochrom, Berlin), penicillin
(100 Units/mL) (BioWhittaker, Germany), and streptomycin
(100mg/mL) (BioWhittaker, Germany) in a 21 cm2 culture
flask in a humidified incubator (5% CO2) at 37 8C. Cells were
cultivated until 80–100% confluency. The cell line was used
within 20 passages from the stock received.
Grown cells were enzymatically harvested in the
incubator within 5 min using trypsin 0.05% (w/v)/EDTA
0.02% (w/v) (ethylene diamine tetra acetic acid) (Biochrom,
Berlin). This resulted in detaching the cells from the plastic
culture surface. The flask was removed from the incubator
and agitated gently to dislodge any cells that may not have
detached during trypsinization. To stop the action of trypsin,
5 mL pre-warmed DMEM was added to the flask.
Suspended cells were seeded on Metabolic Chips SC
1000 (Bionas1). Prior to the seeding, sensor chips were
soaked with EtOH (70% w/v) and rinsed Ca2þ- and Mg2þ-
free phosphate buffered saline (PBS) (Biochrom, Berlin).
The seeding density was 120,000 cells/cm2 and the well of
the sensor chip was filled with 500mL medium. The cells
were left to adhere over night on the sensor chip which is used
as a culture vessel. Cells were grown until 100% confluency
on the sensor chip to ensure that the initial impedance would
not affect the result of the following gas treatment.
Confluency and morphology of the cell layer was controlled
by microscopy (SM-LUX HL, Leitz Wetzlar, Germany).
2.2 Sensor chip coating As shown in Fig. 1, sensor
chips which have been coated with collagen A enabled a
rather fast adhesion of the cells, reaching a maximum after
16–18 h after the beginning of the incubation.
Sensor coating was done as follows: sensor chips were
sterilized with EtOH (70% w/v) and then rinsed twice with
PBS. One hundred microliters collagen A solution (100mg/
mL PBS) (Biochrom, Berlin) was added onto the sensor chip 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimsurface, which was subsequently incubated for 30 min at
37 8C in the incubator. In case of PLL coating, 100mL PLL
solution (1 mg/mL PBS) (Sigma, Germany) was added onto
the sensor chip surface and incubated for 1 h at room
temperature. After incubation, the coating solution was
removed and the vessel was rinsed with PBS. All coatings
were performed under sterile conditions. According to the
results of Fig. 1, all further gas exposure experiments were
done with collagen A coated sensor chips. This coating
enables the cells to create a confluent monolayer (indicated
by a low capacitance level) within a short time (16 h).
2.3 Experimental set-up and exposure condi-
tions The in vitro gas exposure system is based on the
BIONAS 2500 analyzing system1 (BIONAS GmbH,
Rostock, Germany) [27, 28] which comprises an automatic
perfusion system, a sensor unit and a data processing system.
The analyzing system works independently of a cell culture
incubator as it is constantly heated up to 37 8C (0.1 8C)
however the air is neither humidified nor supplemented with
CO2. The sensor unit consists of six so-called Biomodules,
each housing a metabolic sensor chip. Each sensor chip is
able to measure three cellular parameters in parallel: the cell
morphology via an impedance electrode, the cellular
respiration via two Clark type electrodes, and the cellular
acidification via five pH sensitive FET electrodes [29, 30].
The experimental details for the use of the analyzing
system have been described previously [1]. Sensor chips with
an adherent confluent cell monolayer are inserted into the
Biomodules. The cells on the sensor chip are constantly
supplied with fresh serum reduced nutrition media (DMEM
(Biochrom, Berlin), 1% FCS, 1 mM Hepes (BioWhittaker,
Germany), 100 Units/mL penicillin, 100mg/mL strepto-
mycin) via an automatic fluidic system. In a stop-go modus,
medium is pumped over the cells for 3 min and rests there forwww.pss-a.com
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Figure 3 (online color at: www.pss-a.com) Comparison of the
capacitance changes due to different exposure durations. V79 cells
were exposed to humidified synthetic air (60% r.h.; flow rate:
1000 mL/min) for (a) 6, (b) 10, (c) 20, and (d) 30 min. Light blue
backgroundindicates thesupplywithmediumbeforeandafter theair
exposure. Upwards arrows (") indicate the removal of the medium
andthebeginningof thegasexposure.Downwardarrows(#) indicate
the end of the gas exposure and the addition of medium.another 3 min before the next pump cycle begins. During the
stop-phase, the cells change the oxygen content and the pH of
the medium above. Data points of O2-content and pH are
taken continuously every 10 s (raw data). Plotted into a
curve, the slope of these data points during the stop interval
creates a new data point for the standardized diagram shown
in Figs. 5 and 6 (one standardized data point per 6 min of
measurement). Repeated measurements as well as parallel
measurements are possible. The three sensor parameters are
recorded during the whole experiment. Impedance values are
taken every 10 s.
A schematic diagram of the gas exposure system is
shown in Fig. 2. It consists of a gas generation station and an
exposure and sensor device. A more detailed description of
the T-shaped device can be found elsewhere [31]. Before
each gas exposure measurement, the media flow is stopped
and the liquid is completely removed from the cell surface.
This procedure gives rise to a large interface between cells
and test gas. Synthetic air (80% N2, 20% O2, and 60%
relative humidity), acting as a carrier gas, is supplemented
with the model gas to give the desired concentration. The
exposure gas is humidified by bubbling it through deionized
water. The gas is then passed vertically above the surface of
the cell layer with a flow rate of 500 mL/min via the plugged
on T-shaped device (see Fig. 2). This ensures a direct contact
of the gaseous compounds with the cells which is essential
for cell based gas exposure experiments [18]. Exposure to
wet synthetic air devoid of toxic gas is used as a reference
signal. One control cell sensor chip is continuously supplied
with nutrition medium without gas exposure (CTRL). Each
gas exposure lasts for 10 min. Immediately after gas
exposure, 150mL pre-warmed (37 8C) serum-reduced nutri-
tion medium is added and the medium flow is again initiated
to supply the cells with nutrients (intermittent method). The
media flow lasts at least 2 h before the cell activity is stopped
by addition of a 0.2% solution of Triton X-100 (Sigma,
Germany). This non-ionic detergent disrupts the cell
membranes and leads to detachment and death of the cells.Figure 2 Schematic diagram of the in vitro gas exposure system.
The system consists of a gas generation unit and an exposure and
sensorunit.Testgas isdilutedwithsyntheticair inamassflowcontrol
system (MFC). The T-shaped exposure device is plugged on the
sensor chip and alternating changed with the medium inlet of the
fluidic system. The whole exposure unit is constantly heated up
to 37 8C.
www.pss-a.comData after the Triton X-100 step are used as baseline
representing a sensor chip devoid of cells.
3 Results and discussion
3.1 Validation of exposure duration The experi-
ments demonstrated, that cells can be exposed to 10 min of
humidified synthetic air flow without significant loss of
cellular viability (see Fig. 3). High capacitance values
indicate that the cellular layer over the electrode is impaired.
With an increase in exposure duration, a rise in the amount of
damaged cells is observable. The air flow leads to a reduction
of the cell surface which causes the detachment of the cells
from the sensor surface. A long exposure time without a
reduction of cell viability is favored because it increases the
amount of gaseous substance in the cell and therefore leads to
stronger cell signals. As a consequence, further exposure
experiments were performed for 10 min.
3.2 Impedance measurements The impedance
changes due to the morphologic reaction of the V79 cells
to the direct contact with CO enriched synthetic air.
Concentration dependent increase of the capacitance can
be observed (Fig. 4). The gas exposure is terminated by the
addition of fresh medium. Thereafter the signal decreases
within a few minutes to the baseline. Even after 2 h, the
impedance signal is as low as before the gas exposure. Hence
the cells remain attached to the chip surface.
3.3 Respiration measurements Oxygen consump-
tion is used as a parameter to investigate the cellular
respiration. The data in Fig. 5 are normalized to 100% signal 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4 (online color at: www.pss-a.com) Capacitance changes
(raw data) due to the exposure of synthetic air and carbon monoxide
for 10 min. The continuous measurements were done in parallel.
Black curve describes control measurement without gas exposure.
Gas exposures were done one after another. ": gas exposure start; #:
gas exposure end.
Figure 5 (online color at: www.pss-a.com) Changes of oxygen
consumption (standardized data) due to the exposure of synthetic air
with and without carbon monoxide for 10 min. The continuous
measurements were done in parallel. Gas exposures were done
one after another. The 100%-value was set 1 h before the first gas
exposure. A lag phase is required to reach a constant respiration rate
after the gas exposure.
Figure 6 (online color at: www.pss-a.com) Changes of acidifica-
tion rate (standardized data) due to the exposure of synthetic air and
carbon monoxide for 10 min. The continuous measurements were
done in parallel. Gas exposures were done one after another. 100%-
valuewasset1 hbefore thefirstgasexposure.": gasexposurestart;#:
gas exposure end.size 1 h prior to the gas exposure. Carbon monoxide exposure
leads to a decrease of the respiration rate of the cells30 min
after the exposure end. The cell respiration is permanently
impaired and cannot fully recover to reach the level of the
control measurement. As a result of inhibition of the
mitochondrial respiratory chain by carbon monoxide, a lag
phase of recovery is required to reach a constant respiration 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimrate after the gas exposure. As CO concentration is elevated,
an increase in the duration of the lag phase can be observed.
3.4 Acidification measurements The acidification
of the nutrition medium is monitored via pH sensitive FET
electrodes. The metabolic activity of cells causes the release
of acid substances (e.g., lactate, CO2). During the gas
exposure, the FET electrodes are not covered with liquid and
therefore, no acidification changes can be monitored.
Measured data during the gas exposure result of artifacts
due to the sensitivity towards light of the semiconducting
material of the FET electrode. The lack of liquid medium
leads to an interruption of the connection to the reference
electrode and consequently generates artificial pH signals.
After the termination of the gas exposure by the addition of
nutrition medium, FET electrodes are covered in liquid
medium again and possible changes of the metabolism due to
the gas can be observed. In case of CO, no effect on the
cellular metabolism is known. This can be seen in Fig. 6. The
acidification values before and after the gas exposure are
quite similar.
An important factor we whish to discuss here is the
influence of liquid medium over the adherent cells. A high
medium coverage of the cells leads to a decrease of the direct
contact area of the gas [18]. The reproducibility of the
detected cell signals is only given if the medium supernatant
is constantly kept at low levels. Appropriate techniques have
to be used in future to determine the thickness of the residual
liquid layer to interpret signal disturbances in a correct way.
The main intention of this sensor system is to use the living
eukaryotic cells as a tool for the detection of toxic gases
rather than to mimic the physiological reality as its best.
Although an overall medium coverage of the cells has to bewww.pss-a.com
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liquid (which thickness has still to be optimized), and
humidification of the test gas up to a value of 60–90% r.h. are
necessary in order to prevent drying out of cells, what indeed
mimics physiological conditions in the lungs. Lower gas
humidity accelerates the drying of the cells on the chip (data
not shown).
Due to the necessity of a direct contact of the adherent
cells with the sensor surface and due to the need of a
perfusion system to (1) provide the cells with fresh media and
(2) to ensure constant analyzable data generation for
impedance as well as acidification and respiration, the use
of a culture technique using cells on a membrane at an ALI is
not possible. As there is no continuous supply with fresh
medium, this leads to a reduction of the total exposure time to
several minutes compared to the literature [16–20].
One of the main advantages, compared to the actually
available in vitro gas exposure cytotoxicity systems, is the
reusability of the cells for gas exposure experiments. In
common systems, cells are used for conventional cytotox-
icity assays (e.g., MTT [32], LDH [33], and WST-1 [34]),
which lead to the death of the cells. The here described
system gives information about the morphology, the
respiration, and the metabolic activity within several
minutes. Undamaged or only slightly impaired cells can be
reused within an hour for further experiments. This enables
the quasi-continuous monitoring of gases for instance
ambient air. Depending on the possible type of application
of this technique, performance of common cellular endpoint
toxicity assays after the gas exposure is still possible.
4 Conclusion An exposure device was developed on
the basis of the BIONAS analyzing system for the
investigation of adverse effects of gaseous substances on
eukaryotic cell lines. In conclusion, our results demonstrate
the feasibility and the sensitivity of the exposure system
towards insoluble gaseous compounds at environmental
doses on eukaryotic cells. Cell lines, able to survive in a gas
flow for a short time without a major loss of cellular activity,
are appropriate for the use as a sensitive layer. Sensor surface
coating with collagen A at least for this cell type is
recommended as it accelerates the adhesion of cells and
stabilizes the cell monolayer. Longer exposure duration in a
flow of synthetic air harms the adherent cells. Exposure
durations for this system should not exceed 10 min. Carbon
monoxide, the most common lethal poison, was used as a
model substance for insoluble toxic gases. Sustaining
cellular damage can be monitored by a decrease of the
oxygen consumption of the cells. This method will help to
classify the effects of compounds including the nowadays
discussed in vitro effects of nanoparticle and aerosols.
Further developments to yield a valuable tool for cytotox-
icity measurement include the development and integration
of an automatic and programmable test air supply unit into a
complete system. Work in the future will be done to
investigate the capacity changing mechanisms of CO.www.pss-a.comAcknowledgements The authors are grateful to Oliver von
Sicard, Roland Pohle, and Erhard Magori for access to equipment
during the study and for skilful general technical support.References
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